1. Introduction {#sec1}
===============

Human epidermal growth factor receptor 2 (HER2) plays a pivotal role in cancer cell survival and proliferation, and HER2 positivity accounts for approximately 15--20% of breast cancers, with aggressive tumor behavior and poor prognosis \[[@bib1], [@bib2], [@bib3]\]. The introduction of HER2-targeted therapy, with trastuzumab as a representative, has resulted in dramatically improved response rates and prolonged survival in both primary and metastatic breast cancer [@bib4], [@bib5]. Since it is factored into all prognostic and treatment decisions [@bib6], [@bib7], the 8th edition of the American Joint Committee on Cancer staging system incorporates HER2 status into TNM-prognostic staging groups as Level I evidence [@bib8].

In clinical practice, HER2 status is measured by immunohistochemistry (IHC) or fluorescence in situ hybridization (FISH) on a section of tumor tissue obtained by surgery or needle biopsy [@bib9], which will inevitably be influenced by intratumor spatial heterogeneity (ITH) when tested in tissue gained from single tumor biopsy samples. Moreover, the prevalence of HER2 status may be discordant between the primary tumor and metastases in approximately 25% of cases, especially after chemotherapy [@bib10], [@bib11]. Although biopsy of newly diagnosed metastases from primary breast cancer for testing of ER, PR, and HER2 status to direct therapy is recommended by guidelines [@bib6], [@bib12], it may sometimes be impossible to determine the histopathological information of metastases. Liquid biopsy makes it possible to interrogate the genetic evolution of tumor, monitor treatment response, and assess the emergence of therapeutic resistance repeatedly with minimal invasiveness [@bib13].Therefore, circulating tumor DNA (ctDNA) to evaluate HER2 amplification may be a repeatable and noninvasive approach for dynamic efficacy monitoring and treatment decision-making [@bib14], [@bib15].

Our previous study performed in gastric cancer suggested that the changes of HER2 copy numbers in ctDNA based on low-coverage whole genome sequencing (WGS) by next-generation sequencing (NGS) may monitor the treatment efficacy of trastuzumab superiorly to commonly used biomarkers, such as carcinoembryonic antigen (CEA) and CA199 [@bib16], whereas there is scarcely any similar evidence in both early and metastatic breast cancer. Thus, we investigated a prospective study to confirm the concordance of HER2 amplification in plasma ctDNA with primary tumor tissue, as well as the clinical significance of the modification in HER2 copy numbers during the anti-HER2 therapy.

2. Methods {#sec2}
==========

2.1. Study design {#sec2.1}
-----------------

A total of 105 female patients who were pathologically diagnosed with breast cancer under treatment in the National Cancer Center of China from January 2014 to December 2017 were recruited in the study and prospectively detected after an agreement from the Ethical committee. Among them, dynamic monitoring of HER2 copy numbers in ctDNA was conducted in 31 participants during the treatment, including both early breast cancer patients and metastatic breast cancer patients. All the blood samples were prospectively collected and blinded for detection in the absence of pathological information of the primary tumor. Afterwards, the clinicopathological information of the primary tissue and the demographic data of the patients were systematically collected and analyzed. The tissue HER2 status was evaluated using routine IHC and FISH methods according to the American Society of Clinical Oncology/College of American Pathologists clinical practice guidelines, in which HER2 positive is defined as HER2 protein overexpression measured by IHC status (IHC 3+) or by FISH measurement of a HER2 gene copy number of six or more or a HER2/CEP17 ratio of 2.0 or greater [@bib17].

The study was approved by the institutional review board of National Cancer Center/National Clinical Research Center for Cancer/Cancer Hospital, Chinese Academy of Medical Sciences and Peking Union Medical College. Every participant signed written informed consent for serial blood collection and sample assay.

2.2. DNA extraction and whole genome sequencing {#sec2.2}
-----------------------------------------------

To detect the HER2 copy numbers in plasma for each sample, DNA was extracted from 500 μl of plasma and then subjected to WGS library protocol, as described previously [@bib16]. The sequencing was performed on an Illumina HiSeq 2500 platform (Illumina, San Diego, CA), and approximately 5 M sequencing reads were obtained.

2.3. Copy number variation analysis {#sec2.3}
-----------------------------------

Gene copy number variation analysis was performed following the procedure previously described [@bib18]. In brief, after the removal of the Illumina adaptors and low-quality bases, high-quality reads were mapped to the hg19 reference genome using BWA (Burrows-Wheeler Alignment Tool, version 0.7.12-r1039) with default parameters.

Uniquely mapped reads were extracted from the alignment reads. The whole reference genome was divided into nonoverlapping observation windows (bins) with the size of 1 Mb. Read numbers and GC content were calculated in each bin. To remove bias, the bin read count was normalized based on GC content, and a reference dataset was used to represent the relative copy number. The range of normal diploid HER2 copy number was 1.78--2.22 [@bib16]. The relative reads number (RRN) \> 2.22 for the bin covering the HER2 locus indicates HER2 amplification, while RRN≥4.0 indicates high-level amplification.

2.4. Statistical analyses {#sec2.4}
-------------------------

The relationship between plasma HER2 copy numbers in ctDNA and primary tumor tissue was assessed by χ 2 or Fisher's exact test and was also used for the correlation between HER2 high-level amplification and the best objective response during anti-cancer treatment. Kaplan-Meier analysis was conducted to compare the survival outcomes of patients whose HER2 copy numbers remained positive after 6 weeks of treatment and those whose HER2 copy numbers descended to the level below amplification. All analyses were performed with SPSS software, version 22.0 (SPSS Inc., Chicago, IL, USA), and the differences with *p* \< 0.05 were considered statistically significant.

3. Results {#sec3}
==========

3.1. Patient characteristics {#sec3.1}
----------------------------

The analyses contained a total of 105 female breast cancer patients with a median age of 49 years, ranging from 24 to 73 years. The clinicopathological characteristics of the enrolled patients were presented in [Table 1](#tbl1){ref-type="table"}. Among them, 65 participants (61.9%) were hormone receptor (HR)-positive, and 57 (54.3%) were HER2-positive in the primary tumor. Most of the patients (94.3%) were stage IV, and approximately two-thirds of them had visceral metastases. Nearly three-tenths of the patients were available for two or more times serial assessments of plasma ctDNA, and 96 samples in the cohort were collected before the initiation of a new line of treatment ([Fig. 1](#fig1){ref-type="fig"}).Table 1The clinicopathological characteristics of the enrolled patients.Table 1Patients (n)Percentage (%)Age \<401918.1% ≥40 to \<608076.2% ≥6065.7%Menstrual status Premenopausal5754.3% Menopause4845.7%HR status Positive6561.9% Negative4038.1%HER2 status Positive5754.3% Negative4845.7%TNM staging II-III65.7% IV9994.3%Position of metastatic site Nonvisceral3836.2% Visceral6763.8%Detection times Once7470.5% Twice or more3129.5%Treatment mode Neoadjuvant chemotherapy54.8% Adjuvant chemotherapy11.0% Palliative chemotherapy9994.2%[^2]Fig. 1Study flowchart.Fig. 1

3.2. The concordance of HER2 status between plasma ctDNA and primary tumor tissue {#sec3.2}
---------------------------------------------------------------------------------

In total, 186 plasma samples from 105 patients were included in the analyses, which were prospectively obtained and blinded to test the HER2 copy numbers in ctDNA. Afterwards, tissue HER2 status by IHC or FISH in the primary tumor were unblinded for analysis and compared with the results of serial plasma HER2 copy numbers by low-coverage WGS from the pretreatment to progressive timepoints. Comparing the HER2 copy numbers in plasma ctDNA acquired from the baseline with the primary tissue pathological results, the concordant rate was 86.5% (χ^2^ = 52.901, *p* \< 0.001, [Table 2](#tbl2){ref-type="table"}). For patients with HER2 positivity in the primary tumor, 77.1% of the samples presented an amplification in plasma HER2 copy numbers of ctDNA, while for those that were HER2 negative in the primary tumor, a high concordant rate of 95.8% was observed in HER2 status between tissue and ctDNA. The positive and negative predictive values of HER2 amplification in ctDNA were 94.9% and 80.7%, respectively. In the cohort with plasma ctDNA before the initiation of a new line of treatment, 39 of the metastatic breast cancer patients underwent synchronous tumor biopsy in the stage of metastasis to evaluate the HER2 status, and the concordant rate of HER2 amplification between ctDNA and synchronous tumor tissue reached 89.7%, with the positive and negative predictive values of 94.4%(17/18) and 85.7%(18/21), respectively.Table 2The concordance of HER2 status between plasma ctDNA and primary tissue.Table 2Tissue HER2 statuspositivenegativeplasma HER2 amplification in ctDNApositive37 (77.1%)2(4.2%)*χ*^*2*^ = 52.901 (*p* \< 0.001)negative11(22.9%)46(95.8%)[^3]

Among the patients that were histopathologically HER2-positive in the primary tumor, high-level amplification in HER2 copy numbers of ctDNA collected before the initiation of the next line of treatment was significantly correlated with the best objective response (BOR) in the subsequent anti-cancer therapy (*p* = 0.010, [Table 3](#tbl3){ref-type="table"}). The 19 patients with plasma HER2 high-level amplification all achieved partial response, while only 15/22 attained partial response in those without high-level amplification. However, no parallel results can be summarized from the patients that were histopathologically HER2-negative in the primary tumor.Table 3The correlation between high-level amplification in HER2 copy numbers of ctDNA and best objective response.Table 3Best Objective ResponsePRSDplasma HER2 copy numberhigh-level amplification190*p=*0.010without high-level amplification157[^4]

3.3. Dynamics of the plasma HER2 copy numbers during therapeutic courses {#sec3.3}
------------------------------------------------------------------------

Among them, 31 patients, including 26 metastatic breast cancer patients and 5 patients at the early stage treated with neoadjuvant chemotherapy, were dynamically monitored during the treatment to investigate the predictive value for therapeutic response.

In the cohort of 26 metastatic patients whose HER2 status was positive in the primary tissue, their plasma HER2 copy numbers were tracked in a real-time manner when receiving combination therapy with pyrotinib (an oral tyrosine kinase inhibitor of HER2 [@bib19]) and capecitabine, and a total of 102 plasma samples were analyzed. 19 of the 26 candidates were identified to have HER2 amplification in ctDNA before the medication and the level of HER2 copy numbers in each patient declined dramatically after 6 weeks of HER2-targeted treatment. Although the HER2 copy numbers failed to drop below the level of amplification in only two candidates, statistically significantly decreased progression-free survival (PFS) was observed in these two patients compared with others in which HER2 copy numbers descended to the level below amplification (average PFS 3.2 months vs 21.9 months, *p* \< 0.001, [Fig. 2](#fig2){ref-type="fig"}). Furthermore, via synchronously comparing the dynamics of HER2 copy numbers with response evaluation by means of imaging at each follow-up timepoint, we found that the level of HER2 copy numbers in plasma ctDNA fluctuated corresponding to treatment response, as depicted in [Fig. 3](#fig3){ref-type="fig"}. At the timepoint of image-confirmed progressive disease, HER2 copy numbers increased obviously compared with the beneficial timepoints, and 7/9 of them reached the amplification criteria again. In some individuals, HER2 copy numbers ascended for several weeks before the establishment of image-confirmed progressive disease, which made it possible to monitor disease status prior to imaging.Fig. 2Kaplan-Meier analysis-based estimation of probabilities of PFS in metastatic breast cancer patients in accordance with the modification of HER2 copy numbers during HER2-targeted therapy (constantly positive group: the patients whose HER2 copy numbers remained positive after 6 weeks of HER2-targeted treatment; descended to negative group: the patients whose HER2 copy numbers descended to the level below amplification after 6 weeks of HER2-targeted treatment).Fig. 2Fig. 3The level of HER2 copy numbers in plasma ctDNA fluctuated along with treatment response.Fig. 3

For early breast cancer patients, we analyzed the plasma ctDNA collected before the neoadjuvant chemotherapy and after two cycles of chemotherapy in 5 patients, and the concordance rate between the histopathological HER2 status in tumor biopsy and synchronous plasma ctDNA was 80%. Similarly, the level of HER2 copy numbers dropped rapidly down to the level below amplification after two cycles of chemotherapy.

4. Discussion {#sec4}
=============

HER2 protein overexpression and gene amplification remain the primary predictors of responsiveness to HER2-targeted therapies in breast cancer and gastric cancer [@bib20], [@bib21]. However, malignant tumors are highly heterogeneous in multiple aspects, including intratumor heterogeneity and the molecular divergence between primary site and different metastases, which may not be completely presented in morphology-based pathological classifications of the primary tumor site at diagnosis [@bib22], [@bib23], [@bib24], [@bib25]. Due to the critical role of HER2 status in the selection of HER2-directed targeted therapy, we designed a repeatable, noninvasive and practical method for the real-time tracing of HER2 amplification in ctDNA based on low-coverage genome-wide sequencing and verified its clinical implications in therapeutic effect monitoring and prognosis prediction.

In our present study, HER2 copy number variations measured in plasma ctDNA had a concordant rate of 86.5% compared with primary tumor tissues in the cohort that included both metastatic breast cancer patients and those of early stage according to our single-blind evaluation, which surpassed both the positive predictive value and negative predictive value of previous results by ddPCR or NGS \[[@bib15],[@bib26], [@bib27], [@bib28]\]. Apart from that aspect, our detecting technique by NGS makes it possible to depict the genomic profiling of chromosomes, including the HER2 gene and other related genes, while ddPCR merely detects partial fragment of HER2. Our prior study in advanced gastric cancer achieved even higher concordance, of which the rate compared with synchronous tumor tissues by dual in situ hybridization (DISH) reached 91.07% \[[@bib16]\]. However, this investigation in breast cancer contained breast cancer candidates of various stages, and some of them received three-line or more chemotherapy and targeted therapy, which may be closer to real-world clinical practice in breast cancer. In addition, owing to the fact that the loss of HER2-positive status in metastatic sites can occur in more than 20% of patients with primary HER2-positive breast cancer [@bib10], the discordance between the primary sites and metastases may contribute to relatively lower accordance between the primary tumor and metastatic plasma ctDNA. Accordingly, HER2 copy numbers measured in plasma ctDNA may reflect the status of the recurrent tumor and serve as a real-time predictive biomarker for potential responsiveness to HER2-targeted therapies, especially when it is not feasible to conduct repeated biopsies in advanced breast cancer. For the patients whose HER-2 status was negative in preliminary tumor tissue, further study should focus on whether the acquisition of HER2 gene amplification in ctDNA would benefit from HER2-targeted therapies, which may provide a rational therapeutic option and improve the prognosis of this heavily pretreated population.

Serial ctDNA tracking makes it possible to reasonably forecast the therapeutic response and to timely detect treatment resistance in a noninvasive, repeatable and practical approach. With regard to plasma ctDNA in the baseline, our analysis on the correlation between high-level amplification in HER2 copy numbers and clinical best objective response indicated that HER2 high-level amplification in ctDNA may be a reliable predictive index for the evaluation of therapeutic responses during anticancer therapy. Moreover, sequential HER2 copy numbers fluctuated along with therapeutic response, and patients with the status of constantly positive levels after 6 weeks of treatment seemed to suffer from significantly reduced PFS, which has similar clinical significance as the clearance of EGFR mutations in ctDNA for lung adenocarcinoma after 8 weeks treatment with gefitinib or erlotinib \[[@bib29],[@bib30]\]. Although the study by Bechmann T [@bib26] failed to demonstrate a relationship between HER2 gene copy numbers and treatment effects during neoadjuvant chemotherapy in primary breast cancer, our previous study in gastric cancer revealed that the fluctuations of HER2 copy number in ctDNA could efficiently monitor trastuzumab efficacy and was even superior to commonly used biomarkers CEA and CA199 [@bib16]. Other former studies on HER2 amplification using ddPCR also suggested its role in monitoring the effects of treatments and forecasting the prognosis in gastric cancer [@bib14], [@bib31].

In this research, we investigated the potential clinical significance of HER2 amplification in plasma ctDNA based on WGS in both early and metastatic breast cancer. For HER2-positive breast cancer patients, HER2 copy numbers in ctDNA before another line of treatment can be regarded as a predictive factor in clinical best objective response, while the modification of HER2 copy numbers may be closely associated with prognosis for HER2-targeted therapy and sensitively reflect current therapeutic resistance. With regard to HER2-negative metastatic breast cancer patients in the primary tumor, the acquisition of HER2 gene amplification in ctDNA may furnish an opportunity for HER2-targeted therapies, which may offer more therapeutic options for heavily pretreated patients and satisfy the requirements of individualized treatment. However, as this was a proof-of-concept study with a relatively small sample size, some limitations cannot be neglected, and the conclusions require further validation in a larger population. Due to multigene mechanisms involved in the resistance to HER2 blockade agents [@bib32], a multiparameter model may be considered in detecting resistance to HER2-targeted therapy, and our previous studies focused on the criteria to predict the efficacy and determine the resistance to HER2-targeted therapies via ctDNA based on the resistance-related tumor genetic alterations in TP53/PIK3CA/MTOR/PTEN [@bib19], [@bib28]. Further large-scale studies may take the conclusions in these proof-of-concept studies into account and establish a multiparameter model with which to maximize the ability of predicting resistance to HER2-targeted therapies in breast cancer patients.

5. Conclusions {#sec5}
==============

In conclusion, our findings suggested that the level of HER2 amplification in plasma ctDNA based on WGS, confirmed with a relatively high concordance with primary tumor, may forecast the potential treatment response before the initiation of another line of anticancer therapy in breast cancer patients. Furthermore, longitudinal tracing of HER2 copy numbers could be a predictive index for the prognosis of anti-HER2 therapy and be sensitive to current therapeutic resistance in a noninvasive, repeatable and practical method.
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